As a major site of protein biosynthesis, homeostasis of the endoplasmic reticulum is critical for cell viability. Asparagine linked glycosylation of newly synthesized proteins by the oligosaccharyltransferase plays a central role in ER homeostasis due to the use of protein-linked oligosaccharides as recognition and timing markers for glycoprotein quality control pathways that discriminate between correctly folded proteins and terminally malfolded proteins destined for ER associated degradation. Recent findings indicate how the oligosaccharyltransferase achieves efficient and accurate glycosylation of the diverse proteins that enter the endoplasmic reticulum. In metazoan organisms two distinct OST complexes cooperate to maximize the glycosylation of nascent proteins. The STT3B complex glycosylates acceptor sites that have been skipped by the translocation channel associated STT3A complex.
Introduction
Asparagine linked glycosylation is one of the most common protein modification reactions in eukaryotic cells, occurring upon the majority of proteins that are cotranslationally translocated across or integrated into the rough endoplasmic reticulum during biosynthesis. N-linked oligosaccharides on nascent glycoproteins have multiple roles within the endoplasmic reticulum that are essential for ER homeostasis. After N-linked oligosaccharides are transferred to nascent proteins by the oligosaccharyltransferase (OST), ER resident glucosidases and mannosidases generate a series of glycan trimming intermediates that are specifically recognized by ER-localized lectins to direct the nascent proteins into protein folding, protein degradation or protein export pathways. Accumulation of unfolded glycoproteins in the ER lumen induces the unfolded protein response (UPR) pathway. In this article, we primarily focus upon the features of the mammalian OST that allow efficient and accurate glycosylation of proteins in the endoplasmic reticulum to provide the glycan markers that direct these glycoprotein quality control pathways.
N-linked glycans orchestrate the fate of nascent glycoproteins
First, we will briefly consider how protein-linked glycans impact ER homeostasis. The CNX/CRT cycle for glycoprotein quality control is the subject of two excellent recent reviews [1, 2] . Unfolded nascent glycoproteins have GlcNAc 2 Man 9 Glc 3 oligosaccharides (abbreviated as GN 2 M 9 G 3 , see Fig. 1n and 1o for the monosaccharide code and protein folding states) attached to asparagine residues (Fig. 1a) . Trimming of the oligosaccharide by glucosidase 1 (Gls1) and glucosidase 2 (Gls2) yields the monoglucosylated glycan (GN 2 M 9 G 1 , Fig. 1b ) that is recognized by calnexin (CNX) and calreticulin (CRT), two ER localized lectin chaperones ( Fig. 1c and 1d ). CNX and CRT recruit the oxidoreductase ERp57 and the peptidyl-prolyl isomerase CypB to promote folding of the nascent glycoprotein. Glycan release from CNX and CRT (Fig. 1e) allows cycles of lectin-glycan interaction ( Fig. 1c-1f ) that are driven by Gls2 trimming of the terminal glucose residue counteracted by reglucosylation of the deglucosylated glycan by the protein folding sensor UDP-glucose glycoprotein glucosyltransferase (UGGT). Trimming of the B-branch α,1-2 linked mannose residue by ER mannosidase 1 (ERMan1, Fig. 1g ) insures that terminally malfolded proteins exit the CNX/CRT cycle because UGGT favors oligosaccharide acceptors with the full complement of α,1-2 linked mannose residues (Fig. 1h , GN 2 M 9 > GN 2 M 8 > GN 2 M 7 >>GN 2 M 6 ).
Folded glycoproteins that exit the CNX/CRT cycle (Fig. 1i, 1j ) are trimmed by ER mannosidase I to generate the GN 2 M 8 oligosaccharide that is found on ER resident glycoproteins as well as secretory cargo glycoproteins. ER lectins that bind high mannose oligosaccharides (VIP36, ERGIC-53 and VIPL, Fig. 1k ) act as cargo receptors during subsequent formation of ER to Golgi transport vesicles [1] . Defective protein Nglycosylation yields polypeptides that lack the glycans that allow entry into the CNX/CRT cycle (Fig. 1l) . One fate for hypoglycosylated proteins is misfolding (Fig. 1m) , which results in ER-associated degradation of the polypeptide.
Glycoproteins that exit the CNX/CRT cycle without achieving a folded conformation (Fig.  2a) are trimmed by ERMan1, which is thought to act as a timer to prevent futile CNX/CRT cycles for terminally misfolded proteins (Fig. 2b) . The N-linked glycans are sequentially trimmed by the ER degradation enhancing mannosidases (EDEM1, EDEM2 and EDEM3) to expose GN 2 M 5-7 glycans (Fig. 2c-2e ). The affinity between these trimmed glycans and the ER lectins OS-9 and XTPB-3 increases as mannose residues are removed (Fig. 2f) . OS-9 and XTP3-B promote delivery of unfolded glycoproteins to the HRD1-SEL1 complex (Fig.  2g) for ER associated degradation (ERAD) (as reviewed by [2, 3] ). Thus, both the protein folding branch and the protein degradation branch of the glycoprotein quality control pathway are dependent upon the accurate and efficient addition of the fully assembled Nlinked oligosaccharides to nascent proteins.
Given the central role of N-linked glycans in glycoprotein folding pathways, it is not surprising that hypoglycosylation of proteins (Fig. 2h) is one cause of ER protein folding stress that induces the unfolded protein response pathway (UPR, Fig. 2i ). Defects in the dolichol oligosaccharide assembly pathway or mutations in oligosaccharyltransferase subunits cause a chronic induction of the UPR pathway. The ER stress sensor proteins, Ire1, PERK, and ATF6 are activated by accumulation of unfolded proteins to up-regulate protein folding machinery and decrease the burden of unfolded proteins in the ER to mitigate ER stress (as reviewed by [4] ).
Metazoan cells express two oligosaccharyltransferase complexes
The oligosaccharyltransferase catalyzes the transfer of a preassembled oligosaccharide from a lipid linked oligosaccharide donor onto the asparagine residue of glycosylation acceptor sites (typically N-X-T/S/C where X≠P) or sequons in newly synthesized proteins. Glycoproteomic analysis of cells or tissues from seven model organisms including fungi (S. cerevisiae and S. pombe), plants (A. thaliana) and metazoa (C. elegans, D. rerio, D. melanogaster and M. musculus) indicates that the number of glycoproteins and the total number of modified sequons expanded 10-20 fold during eukaryotic evolution [5, 6] . Expansion of the glycoproteome correlates with a duplication of the gene encoding the active site subunit of the OST (STT3) in multicellular plants and metazoa. Most metazoan organisms assemble two OST complexes ( Fig. 3a and 3b ) that are composed of a catalytic subunit (STT3A or STT3B), a set of shared subunits (ribophorins 1 and 2, OST48, DAD1, OST4 and TMEM258 in mammalian cells) as well as complex-specific accessory subunits that only assemble with STT3A (DC2 and KCP2) or STT3B (MagT1 or TUSC3) [7] [8] [9] . TMEM258, which is the long sought human homologue of the yeast Ost5 protein [10] , was recently identified as an essential human gene by analysis of a haploid human cell line [11] . TMEM258 co-immunoprecipitates with subunits of both the STT3A and STT3B complexes, and is necessary for normal glycosylation of prosaposin [11] . Alignment of STT3 sequences from diverse eukaryotes as well as phylogenetic analysis of the complex-specific accessory subunits indicate that the OST complex of fungi and certain protists is similar to the metazoan STT3B complex [12] . The in vivo role of the STT3A and STT3B complexes has been the subject of a recent review [13] .
Several ER membrane proteins including malectin and TREX1 interact with OST complexes [14] or overexpressed OST subunits [15] . Malectin is an ER-localized lectin expressed by metazoan organisms that binds the terminal Glc α,1-3 Glc disaccharide in the GN 2 M 9 G 2 trimming intermediate of protein bound glycans [16, 17] . The role of malectin in ER homeostasis is not well understood, in part because the recognition determinant (Glc α,1-3 Glc disaccharide) for malectin is a transient trimming intermediate that precedes formation of the monoglucosylated glycan that is recognized by calnexin and calreticulin [1] . Overexpression of malectin can interfere with glycan trimming reactions and with glycoprotein secretion of both wild type proteins [18] , and the terminally misfolded NHK variant of α-1 antitrypsin inhibitor (AT) [19] . Malectin is associated with both the STT3A and STT3B complexes [14] via a direct interaction with ribophorin I subunit [20] (Fig. 3c) . A truncated malectin derivative that does not bind ribophorin I does not reduce AT NHK secretion [21] . The preferential association of malectin with AT NHK or misfolded HA conformers has led to the hypothesis that a malectin-glycan interaction can pre-emptively divert proteins into the ERAD pathway [18, 19] . Given that malectin is readily detected in OST complexes, it remains unclear how the malectin-glycan interaction could be regulated to prevent ERAD targeting of folding-competent nascent glycoproteins that should enter the CNX/CRT cycle. Further insight into the role of malectin awaits experimental approaches that do not rely upon overexpression of malectin or ribophorin I.
Cotranslational glycosylation by the STT3A complex
Acceptor sites in a nascent polypeptide first have access to the OST active site when the asparagine residue in a sequon is 65-75 residues from the peptidyltransferase site on the translating ribosome [22, 23] . The OST active site, which is located approximately 30Å from the lumenal surface of the membrane [24, 25] , is quite near (~20-30Å) the lumenal face of the protein translocation channel as indicated by a recent mid-resolution structures of native translocons obtained by cryoelectron tomography [26, 27] . Proteomic and western-blot analysis of ribosome-associated ER membrane proteins established that the STT3A complex interacts with the Sec61 protein translocation channel [8, 28, 29] , while photocrosslinking experiments established that acceptor sequons in ribosome-bound nascent polypeptides contact STT3A, not STT3B [30] , hence the STT3A complex is positioned adjacent to the protein translocation channel (Fig. 3c ).
Bioinformatic and biochemical analysis of closely spaced acceptor sites in glycoproteins indicated that acceptor sites in a nascent glycoprotein are recognized by an N-terminal to Cterminal scanning mechanism [31] . STT3A dependent glycosylation of adjacent sites (N-X-T/S-N-X-T/S) or gap-1 sites (N-X-T/S-Z-N-X-T/S) is efficient when both sites have threonine as the +2 residue. Serine at the +2 residue will promote sequon skipping by STT3A, and incomplete modification by STT3B [31] . Based upon the observation that the UPR pathway is strongly induced in cells lacking the STT3A complex [32], we propose that the majority of acceptor sites in human glycoproteins are cotranslationally glycosylated by the STT3A complex as the nascent glycoprotein enters the ER lumen (Fig. 3c ).
Human cells that express reduced amounts of STT3A [28] or an HEK293 derived STT3A(−/ −) cell line [32] display reduced glycosylation of a subset of glycoproteins. Glycoprotein substrates that are particularly sensitive to STT3A depletion (e.g., prosaposin, progranulin and transferrin) are characterized by a high cysteine content, and for prosaposin and progranulin have multiple independent folding domains [12, 28, 33 ] that oxidize rapidly upon entry into the ER lumen [28] . The crystal structures of a bacterial OST (C. lari PglB) in a complex with an acceptor peptide indicates that the asparagine residue in the sequon projects through a narrow porthole in the active site that is closed by a flexible loop between two transmembrane spans [25] . Localization of the STT3A complex adjacent to the translocation channel allows the OST to scan the growing polypeptide chain for acceptor sequons and transfer oligosaccharides cotranslationally before disulfide bond formation will stabilize the protein in a conformation that is incompatible with the entry of the acceptor sequon into the OST active site (Fig. 3d) .
Glycosylation of skipped acceptor sites by the STT3B complex
The major cellular role for the STT3B complex is to maximize sequon occupancy by glycosylating acceptor sites that are skipped by the STT3A complex. STT3B acts either in a cotranslational (Fig. 3c ) or posttranslocational mode (Fig. 3f-3i ) that likely depends upon the location of the skipped site relative to the protein C-terminus [12, 28] . Acceptor sites located in the C-terminal 50 residues of proteins are inaccessible to the STT3A complex until chain termination occurs. Extreme C-terminal acceptor sites are skipped at a high frequency by the STT3A complex, and are posttranslocationally glycosylated by the STT3B complex [12] . Posttranslocational glycosylation does not involve a polypeptide scanning mechanism as extreme C-terminal sites in a single protein are modified at different rates (Fig. 3f, 3g) . The rates and efficiency of posttranslocational glycosylation are higher for NXT sequons than for NXS sequons consistent with the relative binding affinity of the OST active site for acceptor peptides (NXT > NXS >>NXC) and the enrichment of NXT glycopeptides among modified extreme C-terminal acceptor sites [12] .
Other acceptor sites that have been observed to be skipped by the STT3A complex (Fig. 3e ) include the following: (a) sites that are within five residues of the signal sequence cleavage site [14, 28] , (b) closely spaced NXS sites [31], (c) NXS sites in small type I membrane protein [34-36], (d) internal acceptor sites with non-optimal sequons including the majority of NXC sites, and (e) a subset of acceptor sites that are close to cysteine residues including NCT/S sites [14] . The identification of local sequence features that cause sequon skipping by the STT3A complex will require glycoproteomic analysis of STT3B deficient cell lines. Glycosylation of skipped sites by STT3B is limited by the rates of competing reactions including folding of the nascent glycoprotein and diffusion of the substrate away from the lumenal surface of the ER membrane.
MagT1 and TUSC3 are oxidoreductase subunits of the STT3B complex
MagT1 and TUSC3 were originally proposed to be subunits of the mammalian OST based upon 20% sequence identity to the yeast Ost3 and Ost6 proteins [7] . All four proteins are composed of a conserved lumenal domain followed by four transmembrane spanning segments. The structures of the lumenal domains of TUSC3 and Ost6, as solved by X-ray crystallography [37] and NMR respectively [38], consists of a thioredoxin fold with a conserved active site CXXC motif. Mass spectrometry and co-immunoprecipitation experiments demonstrated that MagT1 is a subunit of the STT3B complex [14] . Analysis of MagT1-depleted HeLa cells indicated that MagT1 is required for glycosylation of all STT3B dependent substrates tested to date [14] . MagT1 is predominantly in the oxidized state in vivo and is thought to form mixed disulfides with free thiols in nascent glycoprotein substrates (Fig. 3h-3j) , thereby delaying disulfide bond formation until nearby acceptor sites have been glycosylated by STT3B [14] . The active site CXXC motif in MagT1, Ost3 and Ost6 is required for full activity of the mammalian STT3B complex and the yeast OST complex [14, 38, 39] . Given the unexpected finding that MagT1 is necessary for glycosylation of STT3B dependent sequons that lack proximal cysteine residues, we have proposed that the oxidoreductases subunits of the STT3B complex have a role in substrate recruitment [14] . TUSC3 is assembled into the STT3B complex in the HEK293 derived MagT1(−/−) cell line [32] supporting the view that these closely related proteins (73% sequence identity) are functionally redundant [14] , at least in tissues or cells where both proteins are expressed.
Despite an evolutionarily conserved role for MagT1 and TUSC3 as oxidoreductase subunits of the oligosaccharyltransferase, there are numerous publications reporting that MagT1 and TUSC3 are cell-surface magnesium transporters [40, 41] . However, immunofluorescence staining of MagT1 in HeLa cells [14] , T-cells [42] , and rat bone marrow osteosarcoma cells [43] is consistent with an intracellular localization for MagT1 in the endoplasmic reticulum. Structurally, MagT1 and TUSC3 are not homologous to any currently identified metal ion transporter. A dual role for MagT1 and TUSC3 as OST subunits and cell surface magnesium transporters is inconsistent with the discovery that MagT1 and TUSC3 are not detectably expressed at the protein level in STT3B(−/−) HEK293 derived cell line [32] , as these OST subunits are unstable in the absence of STT3B. The initial evidence that MagT1 mRNA and protein expression was induced in cultured cells exposed to low magnesium in the growth media [40, 41] has since been contradicted by studies using other cell types [44, 45] . Overexpression of MagT1 alone does not increase the Mg 2+ concentration in cells [41] . MagT1 deficient human lymphocytes display altered kinetics of Mg 2+ uptake, but have normal cellular levels of Mg 2+ [42] . We favor the hypothesis that the link between MagT1 or TUSC3 expression and magnesium ion homeostasis [41, 42] likely occurs by an indirect mechanism involving STT3B complex dependent glycosylation of a protein that is needed for Mg 2+ transport activity.
The name TUSC3 (tumor suppressor candidate 3) was based upon the initial discovery that TUSC3 is one of several genes that reside within a chromosomal deletion associated with metastatic prostate cancer [46] . A recent reports confirms that TUSC3 is a subunit of the OST complex, and shows that loss of TUSC3 is associated with alterations in ER homeostasis, enhanced migration of cells, and increased tumor formation in nude mouse xenograft model [47] .
Cryptic sequons can serve as markers for the ERAD pathway
Interestingly, glycosylation of a normally unutilized sequon (i.e., cryptic sequon) can enhance entry of unfolded proteins into the ERAD pathway. Transthyretin contains a cryptic glycosylation site that undergoes posttranslocational glycosylation by the STT3B complex when terminally misfolded [48] . The ER chaperone GRP94 has six sequons, but is primarily glycosylated at a single site in the folded protein. Hyperglycosylated variants of GRP94 that have nonnative conformations bind to the ER lectin OS-9 and are targeted for degradation by an ERAD independent pathway [49] . It is unclear what features of the internal cryptic sequons in GRP94 favor high frequency sequon skipping by the STT3A complex to yield the native protein. Neuroserpin has a cryptic C-terminal glycosylation site (N401) that is partially glycosylated in the G392E neuroserpin mutant [50] . The point mutation (G392E) in the vicinity of the N401 sequon presumably allows STT3B dependent posttranslocational glycosylation, thereby enhancing delivery of neuroserpin to the ERAD machinery. Taken together, these examples illustrate how hyperglycosylation of proteins on cryptic acceptor sites can serve as a mechanism to enhance N-glycan-dependent protein degradation.
Protein hypoglycosylation causes a family of human diseases
Mutations in the proteins that are responsible for the biosynthesis and processing of Nlinked and O-linked glycans cause a family of diseases known as congenital disorders of glycosylation [51] . CDG categories that impact ER homeostasis include (a) defects in the synthesis of sugar nucleotides, (b) defects in enzymes responsible for Dol-PP-GN 2 M 9 G 3 synthesis and (c) defects in subunits of the OST or the translocation channel associated TRAP complex. Notably, defects in Dol-PP-GN 2 M 9 G 3 assembly pathway negatively impact ER homeostasis not only by causing hypoglycosylation of proteins due to the presence of the non-optimal donor substrate, but in addition the nascent glycoproteins carry glycans with structures that bypass initial events in the CNX/CRT cycle. Here, we will focus on OST and TRAP mutations that cause CDG, as defects in donor substrate biosynthesis have been reviewed extensively [52, 53] . A mutation in the OST subunit OST48 (DDOST) causes a general defect in N-glycosylation [54] , while mutations in the STT3A or STT3B genes cause selective hypoglycosylation of STT3A or STT3B specific substrates [33] . Mutations in SSR4, a subunit of the TRAP complex, causes hypoglycosylation of proteins [55, 56] , presumably because the TRAP complex interacts with the Sec61 translocation channel and the STT3A complex [8, 29] .
Mutations in the TUSC3 gene have been identified in individuals with nonsyndromic autosomal recessive mental retardation (ARMR), a disease primarily characterized by intellectual impairment [57] [58] [59] [60] . Glycosylation of serum transferrin, the standard diagnostic marker for CDG, is normal in patients with a TUSC3 deficiency [57, 59] and was nearnormal in the patient with the STT3B deficiency [33] , consistent with the evidence that transferrin is an STT3A dependent substrate [12] . Consequently, isoelectric focusing of serum transferrin is not a satisfactory diagnostic marker for patients with mutations in the STT3B, MagT1 or TUSC3 genes. The observation that a TUSC3 deficiency or a MagT1 deficiency (see below) does not cause the multi-systemic developmental defects typical for most CDG variants is likely explained by the apparent functional redundancy of MagT1 and TUSC3 and the substantial overlap in tissue-specific expression. MagT1 is more widely expressed, while TUSC3 expression is more restricted [41, 57] .
Mutations in the human MagT1 gene cause XMEN syndrome, an X-linked immunodeficiency with Mg +2 defect, chronic Epstein-Barr virus (EBV) infection, and neoplasia (as reviewed in [61] ). Of the 10 reported patients to date [62] [63] [64] all are male and the frequency of female carriers has yet to be determined [42, 61] . XMEN patients have normal growth and development indicating that the previous hypothesis that mutations in MagT1 are one cause of X-linked intellectual disability [57] was premature [65] . In our opinion, further insight into the etiology of XMEN disease could be obtained by exploring the hypothesis that the proximal cause of XMEN is a defect in protein N-glycosylation while the alteration in magnesium homeostasis is one of several secondary consequences of the Nglycosylation defect.
The fully assembled oligosaccharide donor (Dol-PP-GN 2 M 9 G 3 ) is more stringently selected by the STT3A complex than the STT3B complex [7] . Accurate donor substrate selection insures that newly synthesized glycoproteins carry the correct glycans for entry into the glycoprotein quality control pathways. Analysis of the CHO derived MI8-5 cell line, which assembles Dol-PP-GN 2 M 9 as the oligosaccharide donor due to a premature stop codon in the ALG6 gene, revealed that a reduction in expression of STT3B acts synergistically with the ALG6 deficiency to exacerbate hypoglycosylation of proteins [66] . We propose that OST subunit genes should be considered as likely modifier genes that will influence the disease severity of patients with variants of CDG that impact the dolichol-oligosaccharide assembly pathway.
Future perspectives
Efficient and accurate glycosylation of proteins in the endoplasmic reticulum by the STT3A and STT3B complexes is crucial for normal cellular growth and development. In this review we have summarized how N-glycosylation is achieved by expression of two distinct OST complexes with exclusive accessory subunits. We have highlighted recent progress in the investigation of a family of human diseases caused by mutations in OST subunit genes. Further investigation into protein homeostasis in the endoplasmic reticulum will likely reveal unanticipated links between the various pathways that control the fate of newly synthesized proteins in the endoplasmic reticulum.
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